Abstract A proof of concept was performed in order to verify if the coupling of anaerobic and aerobic conditions inside the same digester could efficiently treat a reconstituted whey wastewater at 21 8C. , respectively. Acetate and hydrogen specific activities were maintained for the anaerobic digester, but decreased by 10 -25% for the acetate and by 20 -50% for the hydrogen, in the coupled digesters. The experiment was repeated using 48 h cycles with limited aeration during 6 or 16 hours at 54 and 108 mgO 2 gCOD 21 initial , displaying residual sCOD of 177^43, 137^38, 104^22 and 112^9 mg L 21 for the anaerobic and the coupled digesters, respectively. The coupled digesters recovered after a pH shock with residual sCOD as low as 132 mg L 21 compared to 636 mg L 21 for the anaerobic digester. With regard to the obtained results, the feasibility of the anaerobic-aerobic coupling in SBR digesters for the treatment of whey wastewater was demonstrated.
Introduction
Whey is the residue obtained when casein and fat are separated from the milk. It is usually dried and used as feedstock for animal feeding. However, in small-scale milking farm or cheese producers, whey is not recuperated and has to be disposed of along with the other generated wastewaters from the farm since the quantity produced does not justify the equipment needed for the preparation of whey powder.
Whey has a high chemical oxygen demand (COD) (50-70 g L
21
) and different strategies have been studied for its treatment, such as single stage anaerobic digestion with suspended or fixed biomass (Kalyuzhnyi et al., 1997; Ratusznei et al., 2003) , two-stage anaerobic digestion (Yilmazer and Yenigün, 1999; Yang et al., 2003) and anaerobic digestion followed by aerobic polishing (Cocci et al., 1991; Monroy-H et al., 1995) . The residual COD after combined treatment can vary between 160 and 250 mg L
. To our knowledge, only the work carried by Malaspina et al. (1995 Malaspina et al. ( , 1996 studied the sequential anaerobic and aerobic digestion of whey wastewater in a single digester. However, their objectives were more focused on the reduction of the high nitrogen and phosphorus concentration after the anaerobic digestion of a concentrated whey wastewater. The anaerobic digestion of whey wastewater can lead to rapid volatile fatty acid (VFA) generation and a subsequent drop in pH, causing the inhibition of the methanogenic population (Yan et al., 1993) . The buffering capacity of the digester can be maintained with bicarbonate (Cocci et al., 1991; Ratusznei et al., 2003) or NaOH (Yang et al., 2003) .
Diluted whey wastewaters (2-4 gCODL 21 ) are more frequently treated aerobically, although it can also be treated anaerobically. In the latter case, the residual COD is generally still too high for direct discharge and requires an aerobic polishing step. The demonstration that the anaerobic-aerobic coupling in a single digester for the treatment of whey wastewaters would result in an improvement over the anaerobic digestion, while remaining more economical than aerobic treatment, has yet to be demonstrated. A proof of concept was performed in order to verify if the coupling of anaerobic and aerobic conditions inside the same digester could efficiently treat a low strength reconstituted whey wastewater. More specifically, the optimal time required for each treatment step in order to obtain an effluent with the lowest possible residual COD was determined.
Methods Preparation of the assays
The preliminary assays were prepared as described in Cornacchio et al. (1986) for modified biochemical methane potential, under anaerobic conditions, in triplicates and in 160 mL serum bottles. The serum bottles contained 30 mL of reconstituted whey wastewater, 2 mL of bicarbonate solution, 2 mL of 5 £ defined media, 0.5 mL of a 1.25% Na 2 S-cysteine solution, and 8 mL of the biomass used for inoculum. The headspace of the bottles were rinsed for 2 min with an 80% N 2 20% CO 2 gas. All experiments were conducted at 21^2 8C, with a 125 rpm agitation.
The SBR experiments were performed in 0.5 L serum bottles. The volume of inoculum and whey wastewater were adjusted as follow for the 0.5 L digesters: 90 mL of whey wastewater, 4 mL of bicarbonate solution, 6 mL of 5 £ defined media, and 24 g of anaerobic biomass with 6 g of aerobic biomass for the inoculum. At the end of a cycle, 90 mL of the bulk liquid from each bottle was removed and replaced with freshly prepared reconstituted whey wastewater, supplemented with defined media and bicarbonate solution, achieving a volume exchange ratio of 70% per cycle.
Specific activity tests
Biomass specific activities for acetate and hydrogen were determined in serum bottles by measuring the depletion rate of a given substrate, individually and under non-limiting conditions, as described in Arcand et al. (1994) . Briefly, the biomass is diluted into phosphate buffer to a final concentration of around 5 gVSSL 21 for the acetate assay and 1 -2 gVSSL 21 for the hydrogen assay, then transferred into the serum bottles (triplicate).
For the acetate test, the substrate is then injected at a concentration of 50 mmol/L. For the hydrogen test, the substrate is provided by pressurising the headspace of the bottle at 20 psi with a gas mixture (80% H 2 : 20% CO 2 ) for a final H 2 concentration of 90 mmol L
21
. The residual concentration of the substrate is measured over time. At the end of the assay, the amount of substrate degraded is divided by the VS concentration determined in each bottle, in order to obtain the activity, expressed in mg of substrate degraded per gram of VSS (biomass) and per day.
Liquid samples (1.5 mL) were taken from the serum bottles with 3 mL syringes equipped with a number 26 gauge needle and analysed for pH, soluble chemical organic demand (COD) and volatile fatty acids (VFA), namely acetate, propionate and butyrate. Volatile suspended solids (VSS) were also determined at the end of each assay from a 5 mL sample aliquot. The pH was measured on an Accumet AP61 portable pH meter equipped with a micro probe (Fisher, Fairlawn, USA) directly on the sample, within 1 min of sampling. The COD and the VSS were determined according to Standard Methods (APHA et al., 1998) . The VFA were determined from a 350 mL sample mixed with an internal standard and injected in a GC. The ions (NH
4 ) were quantified from a 1 mL aliquot on a Spectra-Physics model SP8800 HPLC. The methods are described extensively in Frigon et al. (2002) .
Results and discussion

Whey characterisation
The cheese-whey used for this study was reconstituted from whey powder (Agropur, Notre-Dame-du-Bon-Conseil, Qc, Canada). The reconstituted wastewater contained (mg L 21 ): COD, 3,900^10; lactose, 2,807^10; total Kjeldahl nitrogen, 95^20; total phosphorus, 20^5; sodium, 34^2; potassium, 80^2; sulphate, 8^2. The COD:N:P:S ratio of the wastewater was 100:2.4:0.5:0.2, which was insufficient for complete aerobic treatment (preferred ratio of 100:5:2:1) but satisfactory for anaerobic degradation. The experiments were conducted without nutrients addition, hence contributing to an additional cost reduction for the treatment and reducing nitrogen and phosphorous concentration in the effluent.
Preliminary assays
Different duration times of oxygenation were evaluated after an initial strict anaerobic incubation in the 160 mL serum bottles. The total incubation time was 72 h, and excess oxygen (159 mgO 2 for 115 mgCOD initial ) was added in the bottles after 8, 24 or 48 h of anaerobic digestion to obtain aerobic conditions. The residual sCOD in the assays were higher with increased duration time of oxygenation, with 821^60, 839^108 and 693^33 mg L 21 after 64, 48 and 24 h of oxygenation, respectively (data not shown).
The methane recovered at the end of the assays represented 29, 72 and 86% of the COD mineralised for the assays with 8, 24 and 48 h under anaerobic conditions, respectively. This was an indication that oxygen was significantly used by the biomass for the mineralisation of the sCOD in the assay with 64 h of aerobic conditions, but not for the assays with shorter aerobic digestion time. Therefore, long oxygenation time was needed for the aerobic conversion of COD, but residual COD concentration was also higher, possibly related to a toxic effect on the anaerobic biomass (cell lysis), releasing organic material in the bulk liquid. These results led to the testing of cycles combining initial anaerobic phase and final microaerobic phase under limited aeration.
Evaluation of different oxygen levels for a 72 h cycle
The addition of 100, 200 and 300 mgO 2 gCOD 21 initial after 24 h of anaerobic digestion was tested in 160 mL serum bottles in this series of assays and compared to a control assay consisting of a strict anaerobic incubation. The assay with the lowest amount of added oxygen presented the lowest residual sCOD (192^10 mg L 21 ), compared to the anaerobic control (292^30 mg L 21 ) and the other oxygenated assays at the end of a 3 day cycle (Table 1) .
The corresponding sCOD removal attained 89, 93, 88 and 85% for the anaerobic, 100, 200 and 300 mgO 2 gCOD 21 initial assays, respectively.
Four 0.5 L serum bottles were employed as SBR, and 24 h cycles were performed at four different levels of oxygenation (none, 54, 108 and 182 mgO 2 gCOD 21 initial ). These concentrations were established according to the optimal performance from the previous experiment. The sequence for the 24 h cycle was as follows: feeding (0-0.5 h); anaerobic (0.5 -16.0 h); limited aeration (16.0 -22.5 h); settling (22.5-23.5 h) and withdrawing (23.5 -24.0 h). The COD degradation was similar for all the digesters (74 -78%), except for the digester aerated with 182 mgO 2 gCOD 21 initial (57%), as shown in Table 2 . The COD removal remained stable over seven cycles for the anaerobic digester, while there was slight improvments for all the coupled digesters. The residual COD for the last three cycles were 683^46, 720^33, 581^45 and 1,239^15 mg L
21
, for the 0, 54, 108 and 182 mgO 2 gCOD 21 initial digesters, respectively. The sCOD removal was thus slightly improved with low aeration, while stronger aeration (182 mgO 2 gCOD 21 ) resulted in a significant loss of performance. This could suggest that aerobic or facultative biomass was progressively growing in the digesters and allowed for a better COD removal. However, the total methane produced also increased with time in all assays ( Table 2 ). The improvement of the COD degradation over time in the coupled assays would then be the result of a better anaerobic digestion. This can be explained by the faster degradation of the oxygen in those assays by the aerobic or facultative biomass, thus preventing the oxygen to reach sensitive anaerobic biomass such as the methanogens, as demonstrated by Shen and Guiot (1996) . The shielding effect is not taking place at higher oxygenation, therefore impacting negatively on the anaerobic activity of the biomass. There was still a significant part of the initial COD removed by the aerobic biomass, deduced from the similar COD removal but around 25% less methane produced, when compared to the strictly anaerobic assay. The 24 h cycles were, however, not efficient enough to provide an acceptable residual sCOD, calling for longer duration of cycles.
During the course of the experiment, the specific activities for acetate and hydrogen were evaluated on the inoculum and at the end of the seven cycles on the biomass from each assay. The specific activity for acetate was maintained in the anaerobic digester (150^10 mgAgVSS 21 d
) but decreased by 10 -25% over time for all coupled digesters, independantly of the amount of oxygen added in the assays (Figure 1 ). There was thus a general negative effect of oxygen on the acetoclastic methanogens. This is not what was observed by Shen and Guiot (1996) , who reported an improvment of the acetoclastic activity over time. However, reduced activity was observed by Stephenson et al. (1999) at high oxygenation rates. Also, high tolerance of anaerobic granules to oxygen was shown when sufficient substrate was provided to the system (Kato et al., 1993) . The substrate concentration near the end of the cycles in our experiments could possibly be insufficient to provide the same protection mechanism.
The specific activity for hydrogen decreased from 130^23 ). This loss of activity was observed as well (Shen and Guiot, 1996; Stephenson et al., 1999) at high dissolved oxygen levels. The improvement of the hydrogenotrophic activity at moderate oxygenation obtained from the cited works was not observed in our experiment. There was a negative effect of oxygen on the methanogens, constant for the acetoclasts and more pronounced at high O 2 level for the hydrogenotrophs. In our assays, the acetoclasts were more sensitive to oxygen than the hydrogenotrophs.
Evaluation of different coupling conditions for 48 h cycles
Four 0.5 L serum bottles were employed as SBR, and 48 h cycles were performed at three different levels of oxygenation (none, 54, 108 mgO 2 gCOD 21 initial ) and two different coupling duration time (6 and 16 h), as described in Table 3 . The first five cycles were performed without monitoring, to allow for stabilisation of the biomass and the process. The sCOD removal was evaluated for the digesters from cycle #6 to cycle #15. The sCOD removal varied between 90 and 99% from cycle #6 to cycle #11, for the four digesters (Figure 2 ). The sCOD removal efficiency was slightly better for the coupled digesters, with 93^2, 95^1, 96^1 and 96^1 for the anaerobic, coupled with 54 mgO 2 gCOD 21 initial during 6 h, during 16 h and coupled with 108 mgO 2 gCOD 21 initial during 16 h, respectively. These sCOD removal efficiencies were in the same range as typical values reported in the literature, although the organic loading rate (OLR) applied in our assays were lower, at around 1.4 gCODL 21 d
21
. In effect, Li and Zhang (2004) Malaspina et al. (1995) and Ratusznei et al. (2003) , with 137 and 160 mgCODL residual COD concentration is attainable at low temperature, although the OLR has to be reduced compared to mesophilic conditions in order to obtain similar performance.
The rapid acidification of whey wastewater occurring during the anaerobic degradation is well documented and alkalinity supplementation is usually required to maintain the performance of the digesters. However, some studies have succeeded in minimising the amount of alkalinity to be added through different strategies like liquid phase recycle (Malaspina et al., 1996) , acidogenic and methanogenic phase separation (Yilmazer and Yenigün, 1999) , or biomass adaptation to prevent VFA accumulation (Ratusznei et al., 2003) . The capacity of the biomass to degrade the whey wastewater without buffering was verified during cycles #12 and #13. There was an immediate impact on the COD removal efficiency for the anaerobic digester at cycle #12, and a very significant loss of efficiency during cycle #13 for all digesters with sCOD in the effluent as high as 2,226, 2,153, 1,870 and 2,574 for the anaerobic, 54 mgO 2 gCOD 21 initial with 6 and 16 h of aeration and 108 mgO 2 gCOD 21 initial , respectively (Figure 2 ). The coupled digesters seemed to recover much faster than the anaerobic digester, with residual sCOD of 636, 310, 401 and 132 mg L 21 at cycle #15 for the four digesters, respectively.
Conclusions
Diluted whey wastewaters can be efficiently treated anaerobically or aerobically.
Combining the anaerobic and aerobic digestion in the same digester was tested, in order to obtain better residual sCOD compared to strict anaerobic digestion, while potentially reducing operating costs compared to strict aerobic digestion. Preliminary assays with excess oxygen showed that long oxygenation time were required for the aerobic conversion of COD, but also had a detrimental effect on the final residual sCOD. The coupled 0.5 L SBR displayed similar COD removal performance for the control anaerobic digester compared with different levels of oxygenation during 24 h cycles (74-78%). However, the residual sCOD was slightly lower for the SBR with 0.1 gO 2 gCOD 21 initial , at 581^45 mg L
21
. The methanogenic activity decreased by as much as 50% with an increasing amount of added oxygen during the limited aeration phase, and therefore careful monitoring is required to minimise the negative impact of oxygen on the anaerobic biomass in the SBR. The coupled 0.5 L SBR also displayed similar COD removal performance during 48 h cycles (93-96%) compared to the control anaerobic digester. However, as seen in the 24 h cycles, reduced aeration (0.05 gO 2 gCOD 21 initial during 16 h) allowed for a better residual sCOD after treatment (104 mg L 21 ) than strict anaerobic digestion (177 mg L
). The 48 h cycles in a sequential batch reactor consisting of 30 h under anaerobic condition, 16 h of limited aeration providing 54 mgO 2 gCOD 21 initial and 2 h for filling, settling and withdrawing would consist in a better alternative than strict anaerobic digestion, while not significantly increasing the treatment cost with extensive aeration and nutrients addition as required for strict aerobic treatment. With regard to the obtained results, the feasibility of the anaerobic -aerobic coupling in SBR digesters for the treatment of whey wastewater was demonstrated. Future work will focus on the scaling-up and improvement of the coupling sequence for a better sCOD removal in a 400 L pilot-scale SBR.
